Trafficking of AMPA subtype glutamate receptors (AMPARs) from intracellular compartments to synapses is thought to be a major mechanism underlying the expression of long-term potentiation (LTP), a cellular substrate for learning and memory. However, it remains unclear whether the AMPAR trafficking that takes place during LTP is due to a targeted insertion of AMPARs directly into the synapse or delivery to extrasynaptic sites followed by translocation into the synapse. Here, we provide direct physiological evidence that LTP induced by a theta-burst pairing and tetanic stimulation protocols causes the rapid delivery of AMPARs to a perisynaptic site. Perisynaptic AMPARs do not normally detect synaptically released glutamate but can do so when the glial glutamate transporter EAAT1 is inhibited. AMPARs can be detected at this perisynaptic site before, but not after, the full expression of LTP. The appearance of perisynaptic AMPARs requires postsynaptic exocytosis, PKA signaling, and the C-terminal region of GluR1 subunit of AMPARs but not actin polymerization. Actin polymerization after LTP induction is required to retain AMPARs at the perisynaptic site after their appearance. Low-frequency stimulation given shortly after LTP induction leads to activity-dependent removal of perisynaptic AMPARs and suppresses the subsequent expression of LTP. These results demonstrate that AMPARs are rapidly trafficked to perisynaptic sites shortly after LTP induction and suggest that the delivery and maintenance of perisynaptic AMPARs may serve as a checkpoint in the expression of LTP.
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actin ͉ dendritic spine ͉ trafficking ͉ TBOA ͉ two-photon imaging A ctivity-induced modification of neuronal connections is essential for the development of the nervous system and may underlie some forms of learning and memory. One widely examined form of synaptic plasticity is long-term potentiation (LTP). LTP leads to the synaptic insertion of glutamate receptors of the AMPA subtype (AMPARs) (1) (2) (3) (4) . Recent studies also suggest that this synaptic incorporation of AMPARs may stabilize spine modifications associated with LTP (5, 6) . Postsynaptic exocytosis (7, 8) , PKA activity (9) , and AMPARs containing the GluR1 subunit (10) are implicated in the synaptic incorporation of AMPARs during LTP, but it remains unclear whether LTP leads to the direct insertion of AMPARs at the postsynaptic density (PSD) or to insertion at extrasynaptic regions followed by translocation into the PSD.
Consistent with the latter idea, AMPAR targeting from intracellular compartments to the cell surface can occur via mechanisms that are distinct from AMPAR targeting from the cell surface to the synapse (11) . By visualizing the movement of transfected AMPAR subunits or specific domains of AMPAR subunits in culture, trafficking of AMPARs can be observed in response to LTP induced by synaptic activity or chemical induction protocols. Using this approach, studies have found that AMPARs containing GluR1 can be inserted into the plasma membrane from intracellular stores (2) . Lateral mobility between extrasynaptic and synaptic regions on the cell surface has also been observed by using tagged AMPARs (12) . These studies support a model in which AMPARs mobilized during LTP are first delivered to the extrasynaptic region and then translocate into the synapse.
However, it remains unclear whether similar mechanisms are involved in trafficking of native AMPARs in situ, in response to LTP induced by Hebbian induction protocols. Under these conditions, physiological approaches are a straightforward method to assess the function of synaptic AMPARs. However, extrasynaptic AMPARs are difficult to assess physiologically, because the methods of applying exogenous glutamate, such as iontophoresis or photolytic uncaging, lack the spatial resolution required to selectively probe AMPAR delivery to the extrasynaptic sites that are of the greatest interest, the perisynaptic regions immediately adjacent to the PSD.
An alternative approach to observe perisynaptic AMPARs would be to alter the spread of synaptically released glutamate so that it spills out of the synaptic cleft to engage these AMPARs. The spread of glutamate after exocytosis is normally limited by a family of excitatory amino acid transporters (EAAT1-5), so it might be possible to recruit perisynaptic AMPARs by blocking glutamate uptake. Using this approach, we provide physiological evidence that native AMPARs are delivered to perisynaptic sites in response to a Hebbian LTP induction protocol. The delivery of perisynaptic AMPARs precedes the full expression of LTP, and these AMPARs leave the perisynaptic site coincident with the development of synaptic potentiation. Manipulations that inhibit the delivery or maintenance of AMPARs at the perisynaptic site prevent the subsequent expression of LTP. Thus, our study identifies a previously uncharacterized perisynaptic site that is not sensitive to synaptically released glutamate under normal conditions, where AMPARs accumulate after LTP induction.
Results
AMPARs Are Inserted to Perisynaptic Sites in a NMDA Receptor (NMDAR)-Dependent Manner. Pyramidal neurons in the CA1 region of acute hippocampal slices from young rats were recorded by using whole-cell patch-clamp, and synaptic responses were evoked by electrical stimulation of presynaptic inputs delivered through a glass microelectrode. We have shown previously that NMDARdependent LTP can be induced by pairing theta-burst stimulation (TBS) of presynaptic inputs with a modest postsynaptic depolarization, so that the excitatory postsynaptic potentials (EPSPs) during the burst are suprathreshold (5). This theta-burst pairing (TBP) is Hebbian in the sense that presynaptic bursts are temporally correlated with postsynaptic spikes, and this activity pattern is thought to mimic the firing patterns seen in hippocampus during behavioral learning in vivo (13) . After TBP, there was an immediate increase in EPSPs followed by a gradual increase that developed over 15-30 min ( Fig. 1A ; EPSP slopes were 243 Ϯ 17% of baseline at 45-50 min after TBP, n ϭ 16). This slow development of LTP is frequently reported in studies that use TBP-based induction protocols (5, (14) (15) (16) . The reason TBP-LTP is so slow to develop remains obscure but does not depend on activity after the induction protocol (5) . This makes it unlikely that it is due to NMDAR or AMPAR activity after LTP induction, consistent with prior reports (17, 18) .
We have shown that LTP induced by TBP is reduced by inhibiting postsynaptic exocytosis (5), consistent with the involvement of AMPAR insertion. The delivery of receptors to the spine surface is distinct from their synaptic incorporation (11, 19, 20) , so we reasoned that the slow development of TBP-LTP might be due to rapid delivery of AMPARs to the spine surface but slow synaptic incorporation of AMPARs. If this were the case, a population of perisynaptic AMPARs should be present for several minutes after LTP induction but preceding the full expression of LTP. These perisynaptic AMPARs would be silent under normal conditions but might be recruited if synaptic glutamate were allowed to spill out of the synaptic cleft by blocking the glutamate uptake (21) .
To test this idea, we examined whether the EPSP could be facilitated after TBP when glutamate uptake was blocked by DL-threo-␤-benzyloxyaspartic acid (TBOA), a broad spectrum inhibitor of glutamate transporters (21) . TBOA (100 M) increased the size of EPSPs shortly after TBP ( Fig. 1B ; 230 Ϯ 35%; n ϭ 6; P Ͻ 0.05), but it had no effect on EPSPs from naive synapses ( Fig. 1B ; 111 Ϯ 6%, n ϭ 7). TBOA also had no effect, at least during short applications, on spine size or neuronal activity [supporting information (SI) Fig. S1 ]. When NMDARs were blocked by DL-2-amino-5-phosphonopentanoic acid (APV) plus (ϩ)-MK-801 hydrogen maleate (MK-801) to inhibit LTP induction, TBOA had no effect on the EPSP shortly after TBP ( Fig. 1B ; 113 Ϯ 14%, n ϭ 6). Thus, TBP induces a NMDAR-dependent enhancement in EPSP that is observed only when glutamate uptake is impaired.
If TBOA allows us to monitor perisynaptic AMPARs that are coupled to the expression of LTP, we would expect that these AMPARs should be present in the perisynaptic region transiently. We would also expect that the EPSP slope in the presence of TBOA should remain constant as LTP develops. Consistent with these predictions, TBOA had no significant effect on the EPSP 30 min after TBP (Fig. 1C Inset; 114 Ϯ 16%, n ϭ 6), when LTP is fully developed. Moreover, in the presence of TBOA the slopes of EPSPs were similar at 30 sec, 5 min, or 30 min after TBP (Fig. 1D) . Thus, our data are compatible with the notion that perisynaptic AMPARs translocate into the synapse over time; however, we cannot exclude the possibility that perisynaptic AMPARs are removed from the perisynaptic region to a nonsynaptic location over a time course that is similar to that underlying the synaptic delivery of a distinct set of AMPARs.
These findings are generally consistent with the idea that TBP induces the insertion of perisynaptic AMPARs that do not detect synaptically released glutamate unless glutamate uptake is impaired. However, an alternative is that TBP induces the insertion of AMPARs directly at the synapse but also up-regulates glutamate transporters. In this scenario, LTP would be expressed rapidly but suppressed shortly after TBP by enhanced uptake; the gradual ''development'' of LTP would be a slow loss of this suppression. LTP induction is not thought to alter glutamate uptake near the synaptic cleft, because synaptic transporter currents in astrocytes are unchanged after LTP (22, 23) . However, it has been reported that bulk uptake of radiolabeled glutamate in CA1 is enhanced after LTP induction because of the increased function of EAAT3 shortly after induction and increased expression of EAAT2 at later periods (24, 25) . Thus, if TBOA facilitates the EPSP via blockade of EAAT2 or EAAT3, this might be explained by increased function of EAATs rather than newly inserted AMPARs.
To test this idea, we defined the transporters that underlie the effect of TBOA with subtype-selective EAAT inhibitors. EAAT1-3 are expressed in the hippocampus, with EAAT1 and EAAT2 expressed primarily in astrocytes and EAAT3 in neurons (26) . Thus, we can identify the EAAT(s) involved in the effect of TBOA by the use of TFB-TBOA, an analogue of TBOA that is selective for EAAT1/2, and dihydrokainic acid (DHK), a specific inhibitor of EAAT2. As was seen with TBOA, TFB-TBOA enhanced the EPSPs after TBP ( Fig. 2A ; 225 Ϯ 18%, n ϭ 8; P Ͻ 0.01 compared with control LTP) but had no effect on naïve synapses (SI Text and Fig. 2 A) ; thus, the effect of TBOA can be effectively mimicked by inhibiting only EAAT1/2. In contrast, the specific EAAT2 inhibitor DHK did not cause a resolvable enhancement of the EPSP after TBP ( Fig. 2B ; 158 Ϯ 21%, n ϭ 7; P ϭ 0.97). Thus, the effect of TBOA after TBP is mediated primarily, if not entirely, by EAAT1 and is unrelated to the previously reported increase in EAAT2/3 activity after LTP (SI Text, Note 1).
The properties of LTP may vary depending on the induction protocol used to induce LTP. To address whether the above findings on the perisynaptic AMPARs can be generalized to other LTP induction protocols, we induced LTP with high-frequency tetanic stimulation (HFS). One train of HFS (100 Hz, 300 ms) induced a posttetanic potentiation (PTP) followed by LTP (SI Text, Fig. 2B ). TFB-TBOA enhanced EPSPs when added 30 sec after HFS (data not shown). However, it was difficult to be certain whether this was associated with LTP or with the robust PTP that was also induced by HFS. We therefore repeated this experiment with TFB-TBOA applied 5 min after HFS, when PTP has largely decayed. Under these circumstances, TFB-TBOA still significantly enhanced the EPSP ( Fig. 2C ; 201 Ϯ 18%, n ϭ 7; P Ͻ 0.05 compared with that without TFB-TBOA). Furthermore, TFB-TBOA had little effect on EPSPs when added 30 min after HFS (188 Ϯ 18%, n ϭ 7; P ϭ 0.77 compared with that without TFB-TBOA).
We next examined whether the effect of TFB-TBOA is observed in response to LTP induced by pairing presynaptic stimulation with sustained postsynaptic depolarization in cells held in voltage clamp (27) . LTP under these circumstances was rapidly expressed and reached a plateau almost immediately after pairing ( Fig. S2C; ref.  28 ). TFB-TBOA had no effect on EPSCs when applied 30 sec (Fig.  2D ) or 5 min (data not shown) after pairing.
We also examined whether the appearance of perisynaptic AMPARs after LTP is developmentally regulated, by repeating TBP induction in hippocampal slices taken from adult (3-to 4-month-old) rats. TFB-TBOA had no effect on EPSPs when added 30 sec after TBP ( Fig. 2E ; 206 Ϯ 38%, n ϭ 6; P ϭ 0.87 compared with that without TFB-TBOA). The gradual enhancement in EPSPs after TBP was also absent under these conditions (Fig. S2D) . A summary of the above results is shown in Fig. 2F .
Thus, the ability of TBOA to recruit AMPARs after LTP induction depends on the induction protocol and the maturational state of the synapses. We note with interest that the effect of TBOA is absent after induction protocols that unambiguously lead to a rapid development of LTP (TBP in slices from adult animals and pairing in slices from young animals) and present after induction protocols in which the time course over which LTP develops is gradual (TBP in slices from young animals).
Delivery of Perisynaptic AMPARs. If AMPAR trafficking to the perisynaptic region is due to mobilization from intracellular compartments, then we would expect that the TBOA-induced facilitation of the EPSP after TBP should occur via postsynaptic exocytosis. To test this, we loaded postsynaptic neurons with the light chain of botulinum toxin (BoTox; 0.5 M), a neurotoxin that prevents vesicle fusion. This toxin prevents the full expression of LTP ( Fig. S3; ref. 5) , and application of TBOA 30 sec after TBP had no effect in neurons loaded with BoTox [ Fig. 3A ; 103 Ϯ 15%, n ϭ 8 (TBOA); 104 Ϯ 7% (no TBOA; Fig. S3) ]. Heat-inactivated BoTox did not prevent LTP (Fig. S3) or the effect of TBOA after TBP (Fig. 3A) .
Various protein kinases have been shown to be involved in the synaptic incorporation of AMPARs (29) (30) (31) (32) . However, PKA is of particular interest in the delivery of AMPARs to extrasynaptic regions, because phosphorylation of the PKA site of GluR1 has been suggested to drive the delivery of AMPARs to extrasynaptic sites (31, 32) . To test whether PKA is required for the delivery of perisynaptic AMPARs, we loaded the postsynaptic neurons with the peptide inhibitor PKI (20 M) (33) . PKI also led to a significant reduction in LTP ( Fig. S4 ; ref. 5) and blocked the effect of TBOA [ Fig. 3B ; 139 Ϯ 19%, n ϭ 6 (TBOA); 138 Ϯ 25% (control)].
The above results are consistent with the notion that delivery of AMPARs to the perisynaptic site underlies the expression of LTP. However, because BoTox and PKI are likely to affect many targets other than AMPARs, we next used a more selective manipulation. Several studies have implicated the GluR1 subunit in delivery or retention of AMPARs at the extrasynaptic surface (31, 34) , and it has been shown that delivery of GluR1-containing AMPARs to synapses during LTP requires protein-protein interactions with the C-terminal region of the GluR1 subunit (35, 36) . To see whether the delivery of AMPARs to the perisynaptic region would occur if this interaction was prevented, we loaded pyramidal neurons with a synthetic peptide (pep-1) corresponding to the C-terminal region of the GluR1 subunit. Pep-1 has been shown to block LTP when loaded into postsynaptic neurons (36) , presumably by acting as a pseudosubstrate that competes for the binding targets of the GluR1 C terminus. Consistent with previous reports, we found that postsynaptic loading of pep-1 reduced the magnitude of LTP (Fig.  S5A) . Importantly, it also rendered TBOA ineffective [ Fig. 3C ; 113 Ϯ 5%, n ϭ 10 (TBOA); 114 Ϯ 11% (control)], indicating that pep-1 prevented the appearance of AMPARs at the perisynaptic site. Pep-1 did not affect either basal synaptic transmission or NMDAR-mediated responses (Fig. S5 B and C) .
The impairments in LTP in the BoTox, PKI, or pep-1 experiments were not due to the longer baseline recording (15 min) used to load a sufficient amount of toxin or peptide, because LTP was not affected in control neurons with the same long baseline recording (5).
Actin Polymerization Is Required to Maintain Perisynaptic AMPARs.
Synaptic plasticity during TBP is associated with a rapid expansion of the spine head that persists for Ͼ30 min (5). Several studies implicate actin in spine dynamics (37) , and changes in the actin cytoskeleton take place with the induction of LTP (38) (39) (40) (41) . Because actin is also thought to act as a tether for AMPARs via interactions with cytoskeletal binding proteins (42, 43) , changes in the cytoskeleton might also be important for trafficking of perisynaptic AMPARs. We therefore prevented the changes in the actin cytoskeleton that occur during TBP by using latrunculin A (latA, 0.1 M) at a concentration that is sufficient to prevent actin polymerization without leading to substantial depolymerization (39) . As expected, spine expansion was abolished when latA was bath-applied before and during TBP (Fig. 4 A and B ; 102 Ϯ 2%, n ϭ 77 spines/8 cells; ref. 41 ), compared with a robust expansion of the spines in control neurons ( Fig. 4B ; 142 Ϯ 6% at 45 min after TBP; n ϭ 97 spines/10 cells; ref. 5) . The presence of latA also significantly impaired the expression of LTP (Fig. 4 A and C; 153 Ϯ 14%, n ϭ 6). LatA had no effect on AMPAR EPSPs, NMDAR EPSPs, or spine volume in naïve synapses (Fig.  S6) . Thus, latA selectively prevents the cytoskeletal reorganization that takes place during LTP.
Are AMPARs still delivered to the perisynaptic space in the presence of latA? Incubation of slices with latA before LTP induction did not affect the TBOA-induced enhancement when TBOA was applied 30 sec after TBP ( Fig. 4D ; 204 Ϯ 38%, n ϭ 6; P ϭ 0.59 compared with control TBOA experiments). However, when TBOA was added 5 min after TBP, it no longer had any effect on the EPSP ( Fig. 4E ; 137 Ϯ 25%, n ϭ 8; P Ͻ 0.05 compared with control TBOA experiments), in marked contrast to our findings with untreated slices. Thus, AMPARs are delivered to the perisynaptic region even though latA is present; however, in the presence of latA, these AMPARs are not retained in this region.
The experiments with latA demonstrate that AMPAR trafficking after TBP is dissociable from spine expansion (6, 44) , because TBOA enhances the EPSP even in the absence of spine expansion. This has two implications. First, it means that the effect of TBOA cannot be due to changes in the extracellular space caused by spine expansion. Second, it suggests that LTP might be blocked even in the presence of persistent structural plasticity, if latA was applied after the spine expansion but before the full expression of LTP. To test this, we added latA 2 min after TBP. Spine expansion was persistent even in the continued presence of latA ( Fig. 5A ; 139 Ϯ 4%; n ϭ 67 spines/7 cells), but LTP was significantly reduced ( Fig.  5B ; 142 Ϯ 12%, n ϭ 9). The TBOA-induced synaptic enhancement was absent when TBOA was added 5 min after TBP [ Fig. 5C ; 120 Ϯ 7%, n ϭ 13 (TBOA); 128 Ϯ 9% (no TBOA)]. Because perisynaptic AMPARs are present 30 sec after TBP (Fig. 1D) , this confirms that latA prevented the retention of AMPARs in the perisynaptic region even when applied after TBP. These results indicate that spine expansion is not necessary to deliver AMPARs to the perisynaptic region, nor is it sufficient to retain AMPARs in the perisynaptic region or allow LTP expression.
Activity-Dependent Removal of Perisynaptic AMPARs. Our results with latA suggest that the retention of AMPARs in the perisynaptic region can be disrupted pharmacologically, but we wondered whether this process could be engaged physiologically. Moderate synaptic activity can reverse LTP when given shortly after LTP induction (45, 46) , and low-frequency stimulation (LFS; 1 Hz, 5 min) suppresses the gradual expression of LTP if applied shortly (Յ15 min) after TBP (5). This suppression requires activation of protein phosphatase-1/2A (PP-1/2A) and does not occur at naïve synapses (5) . If LTP involves the translocation of perisynaptic AMPARs into the synapse, then LFS might suppress LTP by causing the loss of perisynaptic AMPARs before their synaptic incorporation.
To test whether LFS removes perisynaptic AMPARs, LFS was delivered at 30 sec after TBP. LFS prevented the expression of LTP ( Fig. 6A ; 123 Ϯ 9%, n ϭ 7), as expected. It also abolished the TBOA-induced synaptic enhancement [ Fig. 6B ; 105 Ϯ 14%, n ϭ 7 (TBOA); 99 Ϯ 9% (no TBOA)], suggesting that perisynaptic AMPARs are subject to activity-dependent removal. To address whether PP-1/2A mediates this removal, we loaded pyramidal neurons with okadaic acid (OA, 1 M), a PP-1/2A inhibitor. Both LTP ( Fig. 6C ; 206 Ϯ 17%, n ϭ 6) and the enhancement of the EPSP by TBOA [ Fig. 6D ; 207 Ϯ 38%, n ϭ 4 (TBOA); 128 Ϯ 26% (no TBOA)] were unaffected by LFS in these neurons, confirming that both processes require PP-1/2A.
Discussion
Our study suggests that TBP and HFS cause the transient appearance of AMPARs in a perisynaptic region via a mechanism that requires postsynaptic exocytosis and PKA but not actin polymerization or spine expansion. It is likely that these perisynaptic AMPARs contain GluR1 subunits, because the delivery of AMPARs to the perisynaptic region is also blocked by pseudosubstrate peptides mimicking the GluR1 C-terminal; however, pep-1 could interfere with trafficking of other proteins that use the same binding motif. AMPARs are maintained at the perisynaptic sites for 10-15 min and disappear from these sites with a time course that matches the gradual development of LTP. The retention of AMPARs at the perisynaptic site can be disrupted by preventing actin polymerization and by moderate synaptic activity. A summary of these results is shown in Fig. 6E .
Previous studies that assess receptor movement biochemically or using epitope-tagged receptors have indicated that GluR1-containing AMPARs are delivered to extrasynaptic sites (31, 32, 34) , and extrasynaptic AMPARs can be activated using exogenous agonists (47, 48) . However, our study defines the trafficking of native AMPARs around the perisynaptic region in response to activity-dependent LTP. The term ''perisynaptic'' here is defined functionally, because the postsynaptic area in which AMPARs would detect synaptically released glutamate if not for uptake mechanisms. The physical scale of this region is difficult to define precisely but is likely to be in the submicron range based on estimates of extracellular tortuosity and diffusion (49, 50) .
Our use of uptake blockers to monitor perisynaptic AMPARs implicitly assumes that the spread and uptake of synaptically released glutamate are both constant. Synaptic uptake currents on astrocytes are not altered with LTP (22, 23) , but it has been proposed that LTP can induce increased uptake of bulk glutamate via EAAT2 and EAAT3 (24, 25) . The effect of TBOA that we have observed does not require either of these transporters, ruling out the findings of refs. 24 and 25 as an explanation for our results. The effect of TBOA also does not appear to be due to changes in the extracellular geometry associated with LTP, because it persists even when the spine expansion that normally occurs with LTP is blocked.
Our results are compatible with recent models in which AMPAR trafficking during LTP occurs in two steps: delivery to the surface membrane outside of the synapse, followed by translocation into the PSD ( Fig. S7; refs. 3-5 in SI Text). The properties of perisynaptic AMPARs as assessed with TBOA match those expected if these same receptors translocate into the synapse: the perisynaptic AMPARs are present transiently, and disappear during the same time window in which LTP develops after TBP. Moreover, every manipulation that we have examined that disrupts delivery or retention of perisynaptic AMPARs also prevents the eventual expression of LTP. However, it remains to be seen whether the same AMPARs that are inserted perisynaptically also translocate into the synapse.
We have also found that the maintenance of AMPARs in the perisynaptic region can be disrupted. Extrasynaptic AMPARs are thought to be highly mobile in the plasma membrane (12), suggesting that AMPARs must be restricted to the perisynaptic region if they are to persist there for several minutes. Actin polymerization is critical for this maintenance of perisynaptic AMPARs, and LFS can drive their removal from the perisynaptic region. The LFS used here to drive the removal of perisynaptic AMPARs is less intense than that required to induce the removal of synaptic AMPARs during LTD (ref. 6 in SI Text), suggesting that perisynaptic AMPARs are more vulnerable to mobilization than those anchored in the PSD.
The ability of TBOA to recruit perisynaptic AMPARs after LTP is sensitive to both the induction protocol used and the developmental stage of the animal. In slices from young animals, recruitment of perisynaptic AMPARs occurs after TBP and HFS but not after a pairing protocol; in slices from adult animals, this recruitment could not be elicited even after TBP. We note with interest that when LTP is expressed gradually, perisynaptic AMPARs are present for Ͼ5 min after LTP induction. In contrast, the perisynaptic AMPARs are not present during this time window when LTP develops rapidly after induction. It is difficult to assess whether a similar correlation is observed during LTP induced by HFS because of the concomitant induction of PTP.
For those conditions in which LTP induction is rapid and not associated with an effect of TBOA, two alternative situations are compatible with our data. It might be that AMPARs are delivered to the perisynaptic region but incorporated into synapses too quickly for us to detect using TBOA. Alternatively, AMPARs might be inserted directly into the postsynaptic density without trafficking through the perisynaptic region via a distinct trafficking mechanism. It is difficult to distinguish between these alternatives at present, because little is known about the process of AMPAR translocation to synapses from perisynaptic sites.
In summary, we have provided direct physiological evidence that the induction of LTP is associated with the delivery of AMPARs to a perisynaptic region, and we have defined mechanisms that regulate the delivery and maintenance of AMPARs at this perisynaptic site. Our results suggest that the trafficking of AMPARs through the perisynaptic region may be an important intermediate step during the development of LTP.
Materials and Methods
Slice Preparation and Recordings. Hippocampal slices were obtained from 13-to-18-day-old rat pups (Sprague-Dawley). Preparation and recordings were done after standard procedures described in SI Text, Note 2.
Image Acquisition and Analysis. Imaging was performed on a two-photon laser scanning system modified from an Olympus Fluoview FV 300, driven by a Chameleon two-photon laser (Coherent) tuned to 810 nm. Emitted fluorescence was collected by two photomultiplier tubes (PMTs) and summed electronically. Laser power at the entry of the microscope was 30 -40 MW and monitored continuously. Imaging and analysis procedures were based on our previous works (ref. Statistical Analysis. All data were expressed as mean Ϯ SEM. Paired Student's t tests, Wilcoxon's signed ranks tests, and Wilcoxon's rank sum tests were used as appropriate. P Ͻ 0.05 was used to determined significance.
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